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Abstract 
Two-dimensional (2D) Pb nanoisland has established an ideal platform for studying the quantum 
size effects on growth mechanism, electronic structures as well as high-temperature 
superconductivity. Here, we investigate the growth and quantum well electronic states of the 2D 
Pb nanoisland on Nb-doped SrTiO3(001) by scanning tunneling microscopy and spectroscopy. In 
contrast to Pb/Si(111), Pb/Cu(111) and Pb/Ag(111), there is no wetting layer of Pb formed on Nb-
doped SrTiO3(001) surface, resulting in isolated Pb nanoislands to initiate the growth from building 
blocks of an apparent height with 4 atomic layers. According to the thickness-dependent quantum 
well states resolved in both occupied and unoccupied energy regions, the constant group velocity 
vg = 1.804 × 10
6 m/s and Fermi wavevector kF = 1.575 Å
-1, have been extracted from a linear fit of 
the Pb(111) band dipersion along the 𝚪 − 𝐋 direction. In addition, the energy-dependent scattering 
phase shift φ(E) obtained by means of phase accumulation model shows a  metallic-like scattering 
interface as compared to Pb/Ag(111).  These spatially decoupled 2D Pb nanoislands thus realize an 
opportunity to explore the intrinic quantum confinement phenomena in nanoscale 
superconductors on the doped titanium-oxide-type substrate.  
Keywords: high-temperature superconductivity, 2D Pb nanoislands, scanning tunneling 
spectroscopy, quantum well states, phase accumulation model. 
Introduction: 
Since the discovery of high-temperature superconductivity in one-unit-cell FeSe film grown on Nb-
doped SrTiO3(001) (Nb-STO)
1, i.e., superconducting transition temperature TC dramatically increases 
up to 109 K, the enhancement of TC by interface effects has been reported on various Fe-based 
superconducting ultrathin films prepared on pervoskite-type titanium oxide substrates2-5. Besides the 
unconventional Fe-based superconductors, the elementary β-Sn islands self-assembled on the Nb-
STO(001) substrate also exhibit an improved TC up to 8.2 K as compared to the bulk TC about 3.7 K, 
which has been attributed to the interfacial charge transfer as well as enhanced electron-phonon 
coupling at the nanometer-sized β-Sn islands6. 
Recently, the 2D Pb nanoislands have been fabricated with three different types of apparent heights 
as well as area sizes on Nb-STO(001) substrate, and they exhibit the superconducting Tc about 7.0 K 
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close to the value of bulk Pb material7. Although nearly the same Tc with bulk Pb, these 2D Pb 
nanoislands grown on Nb-STO(001) show an enlarged superconducting gap ∆S, giving rise to unusual 
strong cooupling  based on an enhanced BCS ratio (2∆S /kBTC) ~ 6.22. In contrast to Tc about 7.0 K, 
Sun et  al. reported a rather high Tc up to 47 K on these 2D Pb nanoislands
8, but their results might be 
interfered with the induced Coulomb gap in the Pb islands particularly with a reduced 
dimensionality7. 
In addition to pseudogap feature induced by Coulomb interaction aforementioned7, quantum size 
effect typically plays a dominant role in quantum confinement of electronic states of the 2D Pb 
nanoislands grown Nb-STO(001) or Pb films grown on different substrates, leading to discrete energy 
levels so called quantum well states (QWSs)9-11. The formation of these QWSs has been well known 
for substantial influences on physical and chemical properties of nanostructures, for examples, 
electrical resistivity12, superconducting transition temperature13-15, thermal stability16,17 and chemical 
reactivity18 etc. Given that discrete QWSs developed in Pb nanostructures are typically confined by a 
finite barrier height from two boundaries, i.e., vacuum and substrate, the electron waves could have 
a chance to penetrate into these two regions. While such electron wave penetration is inevitable to 
occur, the phase shifts are therefore accumulated on the reflection at both vacuum and substrate 
interfaces. In order to obtain these interfacial phase shifts, the Bohr-Sommerfeld quantization rule is 
applied to determine the energies of QWSs19-21, offering a straightforward way to analyze the 
interfacial behavior and influences on the QWSs confined in the Pb nanostructures. 
In this work, we have studied the growth and quantum well electronic states of the 2D Pb 
nanoislands on Nb-STO(001) by employing scanning tunneling microscopy and spectroscopy 
(STM/STS). According to dI/dU spectra taken on Nb-STO(001) substrate before and after Pb 
deposition, there is no significant changes observed on dI/dU spectra features, indicating the 
absence of the Pb wetting layer, such that the 2D Pb nanoislands are grown isolatedly on Nb-
STO(001).  At the low coverage of Pb, most of 2D Pb nanoislands are preferring an apparent height of 
4 atomic layers because of a unique bilayer growth of Pb(111)9-11. On the other hand, these 2D Pb 
nanoislands start to merge into each other as visulaized directly by boundary lines on top of the large 
Pb isalnd at the higher coverage. From QWS energies as a function of Pb thickness, the band 
dispersion E(k) along the 𝚪 − 𝐋  direction of bulk Pb(111) has been mapped out and the 
corresponding constant group velocity vg = 1.804 × 10
6 m/s and Fermi wavevector kF = 1.575 Å
-1 have 
bee extracted, respectively. In combination with phase accumulation model (PAM)19-21, we are able 
to deduce the energy dependence of scattering phase shift φ(E), which reveals the scattering 
interfaces of the Nb-STO(001) and the metallic Ag(111) are much alike. 
Experimental methods and calculation details: 
The experiments were performed in an ultrahigh vacuum (UHV) multifunctional chamber with the 
base pressure p ≤ 2 x 10-10 mbar. The clean Nb-STO(001) substrate was prepared by cycles of 
degassing and flashing up to 1200 K through direct resistive heating. The Pb was evaporated on Nb-
STO(001) at room temperature (RT) and the Pb deposition rate of 0.59 ML (ML, 1 ML = 0.286 nm = d, 
i.e., Pb(111) interlayer distance) per minute was calibrated from 2D Pb(111) nanoislands grown on 
Nb-STO(001).  After preparation, the sample was transferred to a low-temperature scanning 
tunneling microscopy (LT-STM, Unisoku USM 1400S) held at 77 K for all measurements. The 
topography images were obtained from the constant-current mode with the bias voltage U applied 
to the sample. For scanning tunneling spectroscopy (STS) measurements, a small bias voltage 
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modulation Umod = 20 – 50 mV was added to U (frequency ν = 3991 Hz), such that tunneling 
differential conductance dI/dU spectra can be acquired by detecting the first harmonic signal by 
means of a lock-in amplifier. While measuring the dI/dU spectra at the constant current mode of 
spectroscopy, the feedback loop was off and the bias voltage was ramped at a fixed tunneling 
current value. On the contrary, the feedback loop was on and the bias voltage was ramped at a fixed 
tip-sample distance at the constant height mode of measurements.  
The DFT calculations22,23 were carried out within the generalized gradient approximation24 with 
projector augmented wave (PAW) pseudopotential method25, as implemented in the Vienna Ab-initio 
Simulation Package (VASP)26,27. The kinetic energy cutoff was set to 350 (25.7 Ry) and 500 eV (36.7 Ry) 
for Pb film and STO bulk, respectively. The Γ-centered 12 × 12 × 1 and 12 × 12 × 12 Monkhorst-
Pack grid was used to sample the Brillouin zones for Pb film and STO bulk. Moreover, for all our 
surface calculations, the theoretical Pb and STO bulk lattice constant of 3.550 and 3.940 Å was 
adopted, respectively. We employed a periodically repeating slab consisting of 4 to 21 atomic Pb 
layers and a vacuum space of ∼20 Å. All Pb atoms were relaxed until the residual force was smaller 
than 0.001 eV/Å. Spin-orbit coupling was included in band structure and density of states 
calculations which is calculated by the integration near the 𝚪 point.  
Results and discussions: 
The overview STM topography of about 1.8 ML Pb deposited on Nb-STO(001) at RT has been shown 
in Fig. 1(a), the hexagonal Pb nanoislands with quite uniform size and height have been grown and 
they are distributed homogenously over the whole surface of Nb-STO(001) at this coverage. Note 
that white arrows indicate where different step edges of Nb-STO(001) are. From the zoom-in image 
shown in Fig. 1(b), i.e., square frame marked by white dashed line in Fig. 1(a), the Pb nanoislands 
have atomically flat surfaces on top, and a line profile measured across one Pb nanoisland (blue 
dashed line from A to B) has been shown in Fig. 1(c). According to extracted apparent height in Fig. 
1(c), the 1.11 nm corresponds to about 3.9 times 0.286 nm of Pb(111) interlayer distance, resulting in 
a thickness close to 4 ML. Since the Fermi wavelength λF divided by the interlayer distance d results 
in a unique ratio of bilayer periodicity (λF/ d ≈ 4) in the Pb(111)
9-11, the electron standing waves are 
thus easily to build up in these 2D Pb nanoislands and could manifest themselves into the formation 
of discrete QWSs.  
With high spatial and energy resolutions, the STS offer an ideal tool to access the QWSs in both 
occupied and unoccupied energy regions. Distinct resonance peaks in tunneling conductance dI/dU 
spectra as a result of the electronic density of states (DOS) modulated by the QWSs can therefore be 
resolved. For example, the dI/dU curve acquired on 4ML Pb nanoislands (blue line) has been shown 
in Fig. 1(d), three peak features can be clearly identified at 1.0 eV, 3.2 eV and 4.2 eV, respectively. 
Besides QWSs on the 4ML Pb nanoislands, we have also measured dI/dU curves on Nb-STO(001) 
substrate before (red line) and after (black line) the deposition of Pb, in order to check whether there 
is a Pb wetting layer or not. As shown in Fig. 1(d), two peaks at 1.9 eV and 4.0 eV appear in both red 
and black lines, and they share the similar shape, which implies the absence of Pb wetting layer 
grown on Nb-STO(001) surface. To further support our findings, we conducted the DFT calculations 
on the band structure of the bulk STO, as shown in Fig. 1(e), to confirm the dI/dU curve measured on 
pristine Nb-STO(001) substrate without the deposition of Pb. From this band structure calculation, it 
is evident that two bands in the unfilled region (i.e., above Fermi level) with its local minima 
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positioned at 1.9 eV and 4.0 eV show up along the 𝚪 point. In Fig. 1(f), we further calculate the 
density of states of bulk STO substrate by integrating the contribution of bands near the 𝚪 point with 
an energy broadening parameter ΔE = 0.1 eV. The same 1.9 eV and 4.0 eV peaks corresponding to 
the bands minima also appear in the calculated DOS and confirm those two peak features on the 
dI/dU curve (black line) measured from the bare Nb-STO(001) substrate. The consistency between 
the experimental dI/dU spectra (black line) and the DOS by DFT calculations (Fig. 1(f)) supports the 
absence of Pb wetting layer, meaning that the individual and separate 2D Pb nanoislands can be 
grown on Nb-STO(001). 
To have an overall picture of growth behavior, we have studied the thickness-dependent sizes and 
heights of the 2D Pb nanoislands at various coverages of Pb deposited on Nb-STO(001) at RT. From 
Fig. 2(a) to (d), the STM overviews display how the growth behavior of 2D Pb nanoislands evolves 
with an increase of four representative Pb coverages. First of all, we can clearly see the 2D Pb 
nanoislands with hexagonal shape and a flattop are continuously to grow, and both the size and 
height keep getting increased up to 14.2 ML of Pb coverages in our results. Second, a single 2D Pb 
nanoisland always has a uniform thickness on top of the same substrate terrace at the RT growth, 
even when it’s lateral size becomes a hundred nanometer wide, which is very different from either 
the crater structure found in Pb/Si(111)28,29, or multilayer heights in Pb/Ag(111)11 and Pb/Cu(111)30 at 
various growth temperatures or even at the RT. From a closer look at the top surfaces of two large 
islands in Fig. 2(c) through enhancing the contrast of topography image, we have found a single large 
polygon Pb island can be formed by merging smaller hexagonal Pb islands into each other, whereas 
the boundary lines are indicated by black arrows.  
The quantitative distributions of area occupation percentage of 2D Pb nanoislands as a function of 
thickness have been shown in the bottom of Fig. 2(a) to (d). In addition to the higher percentage of 
area occupation shifts to the higher thickness of islands when the Pb coverage is increasing, we have 
noticed that small 2D Pb nanoislands with a thickness of 4 atomic layers always exist although the 
area occupation percentage is dropping. This interesting observation explains that all the 2D Pb 
nanoislands are initially developed from the thickness of 4 atomic layers, and then they are not only 
getting thicker, but also increasing the area occupation simultaneously when the deposition of Pb 
coverage is increasing. Eventually, the coalescence occurs when the islands with the same thickness 
meet each other, and then merge into a single large island, which also explains the boundary lines 
visualized in Fig. 2(c) as described in previous paragraph. With systematic studies of thickness-
dependent area occupation percentage, different types of 2D Pb nanoislands observed in previous 
studies can be therefore expected at the higher Pb coverage regime7,8. Note that the islands lacking a 
certain of thickness, for examples, thickness below the 4, the 5, the 17 and the 19 MLs are either 
rarely to be found in the experiments or the forbidden heights that could be attributed to the 
quantized nesting vectors confined on the Fermi surface of the Pb(111)30. 
After understanding the RT growth behavior of 2D Pb nanoislands on Nb-STO(001), we have carried 
out the STS measurements to access the thickness-dependent QWSs in both occupied and 
unoccupied energy regions. Two different operation modes, including the constant-height (C. H.) and 
the constant-current (C. C.) modes in the STS measurements (see experimental methods for details) 
have been applied to the energy ranges of -1.0 to +1.0 eV as well as +0.5 eV to +5.0 eV. The 
systematic results of dI/dU spectra have been arranged in the Fig. 3(a) and (b) for the even and the 
odd numbers of island thickness (N), respectively. Several resonance peak features in the dI/dU 
spectra are originated from the QWSs confined in 2D Pb nanoislands and they appear at discrete bias 
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voltages corresponding to multiple quantized energy levels9-11. Interestingly, a special peak located at 
the energy close to 0.88 eV above Fermi level EF appears at all even-ML thickness (fig. 3(a)) and it 
almost does not show any energy shift when the thickness varies, which refers to the so called 
commensurate state as reported prevously12,31. Since this commensurate state has a bilayer 
periodicity, we have the Q = 2 state in the wavevector of (S/Q)(π/d) and the S/Q must be an 
irreducible rational number, and S and Q are intergers12,31. In order to find the possible Fermi wave 
vector kF of Pb(111) to develop such commensurate state in the reduced Brillouin zone, the value of S 
= 3 has to be determined for fulfilling the criteria9-11. 
Given that the commensurate state determined by the constant dI/dU peak feature at all even-ML 
thickness of the 2D Pb nanoislands, we are able to further assign the quantum numbers (n) for all 
QWSs in the simple particle-in-a-box model. Following the infinite-well approximation, we have the 
kn = (nπ/Nd) together with already known wavevector of the commensurate state, the quantum 
numbers (n) have been assigned accordingly on top of each dI/dU peak in Fig. 3(a) and (b), 
respectively. By taking the energy and the wavevector of QWSs into account in the phase 
accumulation model (PAM) derived from basic ingredients of elementary multiple-reflection and 
nearly-free-electron theories19-21, the energy dependent scattering phase shift φ can be 
quantitatively obtained, which provides further insights on the QWS electrons scattered at separate 
boundaries including vacuum barrier and crystal interface of the 2D Pb nanoislands on Nb-STO(001). 
Fig. 4(a) shows the arrangement of the energies of QWSs as a function of island thickness, the black 
and the red dots represent the results measured from the C. C. and the C. H modes of the STS, 
respectively. According to the Bohr-Sommerfeld quantization rule21,32: 
2𝑘(𝐸)𝑁𝑑 + 𝜑𝐵 + 𝜑𝐶 = 2𝑛𝜋     (1) 
where k(E) is the energy-dependent wavevector of electron propagating along the Γ − L direction of 
the Pb(111), and φ = φB + φC is the total phase shift that combines vacuum barrier phase shift φB and 
crystal interface phase shift φC of the 2D Pb nanoislands on Nb-STO(001). In order to extract the k(E) 
dispersion, in principle, we can apply the eq. (1) to each pair of the QWSs under the assumption of 
the same energy E, and then we can derive:  
𝑘(𝐸) =
𝑛2−𝑛1
𝑁2−𝑁1
𝜋
𝑑
     (2) 
where the subscripts 1 and 2 stand for the QWSs at the two different thickness. However, in practice, 
there is a limit of energy resolution in experimental STS measurements and an energy uncertainty of 
|E2 – E1| ≦ 0.1 eV has been taken into account for determining the energies of the QWSs. The 
results of the k(E) dispersion (black dots) has been summarized in Fig. 4(b), which shows the linear 
relation between E and k along the Γ − L direction in the extended Brillouin zone of the bulk Pb(111) 
band. According to the linear fit, the constant group velocity vg = 1.804 × 10
6 m/s and the Fermi wave 
vector kF = 1.575 ± 0.1 Å
-1 have been obtained, which is not only compaprable to the results of 
Pb/Ag(111)11 (extracted green dots and orange line ), but also in a good agreement with previous 
photoemission studies33,34. Although the energy resolution of our STS measurements is better than 
0.1 eV, we have also checked the lower energy uncertainty |E2 – E1| ≦ 0.05 eV, and the output of 
the Fermi wave vector varies only within the error bar. 
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Since the k(E) dispersion has been obtained, we can further deduce the φ(E) by using the eq. (1). 
There are two components included in the total phase shift of φ = φB + φC, and they can be 
interpreted as following35,36: 
𝜑𝐵 = 𝜋 (√
3.4 eV
𝐸𝑉−𝐸
− 1)     (3) 
𝜑𝐶 = Re [− cos
−1 (2
𝐸−𝐸𝐿
𝐸𝑈−𝐸𝐿
− 1)] + 𝜑0     (4) 
where EV is the vacuum level, EU = 0 eV and EL = -3.9 eV are obtained from the conduction-band 
minimum and valence-band maximum at the Γ point of the Nb-STO(001) according to the tight-
binding calculations37, and φ0 denotes the phase offset.  The results of the φ(E) accompanied by EV = 
4.778 eV and φ0 = 0.3326 rad from the best fit of the k(E) in eq. (1) has been shown in Fig. 4(c) (black 
dots and blue line). Interestingly, the φ(E) of the Pb/Nb-STO(001) overall exhibits a dispersion 
behavior analogous to the Pb/Ag(111)11 (extracted gray dots and orange line) in the entire energy 
range of Fig. 4(c), suggesting a metallic-like interface without an impact of the directional band gap 
and the Schottky barrier observed on the semiconductor of the Pb/Si(111)38. Another interesting 
feature of the φ(E) dispersion of the Pb/Nb-STO(001) is that the divergence of the φB becomes less 
prominent as compared to the Pb/Ag(111) in the higher energy range, indicating the high lying QWSs 
are less affected by the image potential10 due to a larger EV value, i.e.,  4.778 eV, and hence lower φB 
found in Pb/Nb-STO(001). 
Conclusions: 
In summary, we represent the systematic studies of the growth and the QWSs of the 2D Pb 
nanoislands on Nb-STO(001). According to the identical spectra features of the dI/dU curves taken on 
Nb-STO(001) before and after the Pb deposition, there is an absence of the Pb wetting layer, leading 
to the 2D Pb nanoislands are isolated from each other. In addition, the 2D Pb nanoislands prefer to 
develop from an apparent height of 4 atomic layers, and merge into a single large polygon Pb isalnd 
only when they meet with the same thickness at the RT growth. The thickness-dependent QWSs have 
been investigated in both occupied and unoccupied enegy regions by using the local probe of the STS 
measurements on the 2D Pb nanoislands. Given that the discrete energy positions of the QWSs and 
island thickness determined directly from experiements, the energy-dependent wave vector k(E) 
along the Γ − L direction of the Pb(111) has been obtained by means of the Bohr-Sommerfeld 
quantization rule. From a linear fit, the constant group velocity vg = 1.804 × 10
6 m/s and the Fermi 
wave vector kF = 1.575 ± 0.1 Å
-1 have been extracted, which are consistent with the values reported 
from different experiemntal methods in previous works. Furthermore, the total phase shift φ(E) from 
the electron scatterings between interfaces confined in the 2D Pb nanoislands on Nb-STO(001) 
display similar dispersion behavior with the Pb grown on metallic Ag(111). Lacking of a direct contact 
between individual 2D Pb nanoislands provides these nanoscale superconductors decoupled in real-
sapce, enableing to investigate the mutual interlay between intrinic quantum confinement 
phenomena and type-II superconductivity of the Pb/Nb-STO(001). 
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Fig. 1. STM topography and STS measurements of Pb/Nb-STO(001) (a) An overview image of 2D Pb 
nanoislands grown Nb-STO(001) with a Pb coverage of 1.77 ML. Two step edges of Nb-STO(001) 
substrate are indicated by white arrows. (b) The zoom-in image marked by the white dashed square 
in (a). Two kinds of apparent heights of 2D Pb nanoislands have been found at this Pb coverage, and 
their corresponding line profiles have been shown in (c). (c) The line profiles of 2D Pb nanoislands 
measured from (b), and their apparent heights are marked by the blue and green lines, respectively. 
The apparent heights of 1.11 nm and 1.72 nm refer to 4 ML and 6 ML interlayer distance of the 
Pb(111). (d) The dI/dU spectra taken on 2D Pb nanoislands (blue) with 4 ML apparent height and Nb-
STO(001) substrate before (black) and after (red) Pb deposition. The spectra features, i.e., peaks at 
1.9 eV and 4.0 eV, are identical in shape and bias voltages of Nb-STO(001) substrate before and after 
the Pb deposition, indicating the absence of Pb wetting layer formation. (e) Band structure for bulk 
STO and (f) its DOS calculated by the integration near the 𝜞 point, which is consistent with the 
experimental dI/dU peak features observed at 1.9 eV and 4.0 eV. 
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Fig. 2. Percentage of area occupation as a function of the Pb coverages. (a)-(d) STM overviews images 
at various Pb coverages. The area sizes as well as apparent height of the 2D Pb nanoislands are 
getting larger with an increase of Pb coverages. In addition, as shown in (c) by three black arrows, the 
coalescence of the 2D Pb nanoislands occurs only when they meet with the same apparent height, as 
the boundary lines visualized directly on top of a single large Pb island. According to the statistics of 
thickness-dependent area occupation percentage, the 2D Pb nanoislands always develop from the 
building blocks with an apparent height of 4 atomic layers. 
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Fig. 3. Thickness-dependent QWSs measured on the 2D Pb nanoislands in both occupied and 
unoccupied energy regions. The constant-current (C.C) and constant-height (C. H.) dI/dU spectra 
have been arranged into (a) even- and (b) odd-ML of island thickness N. The quantum numbers n 
have been determined from the commensurate state resolved at 0.88 eV of the 2D Pb nanoislands 
with the even-ML thickness. 
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Fig. 4. The PAM on the QWSs of the 2D Pb nanoislands on Nb-STO(001). (a) QWSs energies as a 
function of island thickness measured from dI/dU spectra.  Red and black dots represent the data 
measured from C. H. and C. C. modes of STS, respectively. The black empty squares are 
corresponding results calculated according to the PAM. (b) The k(E) of the Pb/Nb-STO(001) has been 
obtained from applying Bohr-Sommerfeld quantization rule to experimentally extracted QWSs 
energies (black dots and blue line), showing a linear dispersion of the k(E) along 𝚪 − 𝐋 direction in the 
extended Brillouin zone of Pb(111). A linear fit gives the constant group velocity vg = 1.804 × 10
6 m/s 
and the Fermi wave vector kF = 1.575 ± 0.1 Å
-1, which are in line with data extracted from the Ref. Ref. 
11 of the Pb/Ag(111) (gray dots and orange line). (c) Energy-dependent total phase shift φ(E) (black 
dots and blue line) overall displays similar dispersion with the extracted data (gray dots and orange 
line) from the Ref. Ref. 11 of the Pb/Ag(111), but smaller divergence at the higher energy region due 
to the less impact on the high lying QWSs from the image potential. 
 
